DISTINGUISHED MICROWAVE LECTURE

o—Réfésed

Element

< Database

Scripting

- Plugin

©SHUTTERSTOCK.COM/NEPOOL

Evolution of
Broadband
Amplifier Design

Payam Heydari® and Mahyar Safiallah

he phrase distributed amplification (DA) was wide-band amplifier design.” They then went on to
first introduced by Ginzton, Hewlett, Jasberg, explain that “by an appropriate distribution of ordi-
and Noe in an article published in the August nary electron tubes along artificial transmission lines,
issue of the 1948 Proceedings of the IRE [1]. it is possible to obtain amplification over much greater
The authors presented “a new principle in bandwidths than would be possible with ordinary circuits.

Payam Heydari (payam@uci.edu) and Mahyar Safiallah (msafiall@uci.edu) are with the Nanoscale Communication Integrated Circuits Labs,
Center for Pervasive Communication and Computing, University of California, Irvine, CA 92617 USA.

Digital Object Identifier 10.1109/MMM.2023.3284729
Date of current version: 6 August 2023

18 IEEE mMiCrowave magazine 1527-3342/23©2023|EEE September 2023
Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on April 24,2025 at 09:14:04 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-1008-1559

Introduction

The ordinary concept of maximum bandwidth-gain product
does not apply to this distributed amplifier. The high-
frequency limit of the distributed amplifier appears to
be determined by the grid-loading effects.” Ever since
then, distributed amplifiers have been used extensively
for broadband wired/wireless applications. Various
techniques, examined in different technologies, have
been proposed by prior work to improve DA perfor-
mance parameters such as gain, bandwidth (BW), and
power [2], [3], [4], [5], [6], [7], [8], [9]. In works published
in 1983-1984, [2], [10] conducted the analysis and design
of GaAs field-effect transistor and metal-semiconduc-
tor field-effect transistor distributed amplifiers, respec-
tively. Design tradeoffs were established for the type
of device, number of gain stages distributed along the
input and output lines, gain, impedance level, and line
cutoff frequency. Furthermore, the authors detailed
a procedure for achieving the maximum gain-band-
width product. The distributed topology later found
its way into CMOS implementation [4] and was used
to build several building blocks such as distributed
oscillators [4], [11], distributed mixers [12], distributed
front ends [13], and distributed active transformers [14].
Meanwhile, research on DA design in other semicon-
ductor technologies continues reporting high-gain and
high output power across extremely broad range of fre-
quencies [15], [16], [17].

This article takes a fresh look at distributed ampli-
fiers and provides a step-by-step approach on the basis
of the lumped amplifiers and inductive-peaking tech-
niques for bandwidth enhancement. Starting with a
resistively loaded conventional common-source ampli-
fier, the work gives a quick overview of the limita-
tions and tight gain-bandwidth tradeoff in the section
“Single-Stage Amplifier With its Limitations.” The
time- and frequency-domain analyses of the amplifier
with shunt and shunt-series peaking techniques will
be summarized in the sections “Load Resistor Isola-
tion Using Shunt Peaking” and “Load Capacitor and
Resistor Isolations Using Shunt-Series Peaking,” and
several interesting insights will be highlighted. The
section “Towards a Distributed Topology” leverages
the knowledge laid in the sections “Load Resistor Iso-
lation Using Shunt Peaking” and “Load Capacitor and
Resistor Isolations Using Shunt-Series Peaking” and
builds the distributed amplifier. This is followed by
the section “Improvement of DA’s Gain and Linearity,”
where a few techniques to improve the gain and linear-
ity of the DA will be reviewed. Finally, the last section
concludes the article.

Single-Stage Amplifier with Its Limitations

Consider the common-source amplifier in Figure 1(a).
As the first step toward understanding the circuit’s
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behavior, the magnitude response, ignoring Ccp, is
readily derived:
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As is widely known, with Cep being neglected, the
input is isolated from the output node; therefore, each
node in the circuit contributes one pole to the circuit’s
transfer function [Figure 1(b)]. In view of typical val-
ues for the source and load impedances, the output
pole at |@pou|=1/(RpCp) falls at a lower frequency,
and thus, sets the bandwidth. Cp in this circuit is
composed of the load and the parasitic capacitors seen
looking at the drain terminal. Decreasing Rp or Cp to
boost the bandwidth both result in the gain decrease,
pointing to a tight tradeoff between gain and band-
width in this circuit. This limitation does persist when
accounting for Cgp. Remember that Cep adds a very
high-frequency right-half-plane zero (above the tran-
sistor’s fr) to the transfer function [18]. Assuming a
dominant pole, the 3-dB bandwidth is obtained with
the aid of a widely known open-circuit time-constant
method [18], i.e.,

_ 1
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Figure 1. (1) A conventional common source amplifier.
(b) The magnitude response.
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Equation (2) reveals the contribution of each capaci-
tor in the circuit to the bandwidth. In particular, the
Ccp contribution is seen to get magnified by the Miller
effect, which also readily highlights the tight tradeoff
between gain and bandwidth. Throughout the analy-
sis, unless otherwise stated, the Ccp effect on gain and
bandwidth is accounted for using the Miller approxi-
mation. The Miller approximation, however, cannot
capture the impact of Cop on the group delay and
stability of the amplifier. The stability and neutraliza-
tion techniques to overcome the detrimental effect of
Ccp on high-frequency amplifiers have been studied
in [19].

Load Resistor Isolation Using Shunt Peaking
A commonly known method of relaxing the gain-
bandwidth tradeoff and improving the bandwidth is to
insert an inductor in series with the resistor, Rp. Called
the shunt-peaking technique, the inductor’s effect on
the circuit of Figure 2(a) can be comprehended by both
frequency- and time-domain analyses. Starting with
the frequency-domain approach, the circuit magnitude
response is readily derived to be as follows:
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Figure 2. (1) The circuit incorporating shunt peaking

inductor. (b) The equivalent circuit for step-response
analysis at time t =0".
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Referring to (3), the shunt-peaking inductor will
impose two concurrent effects on the magnitude
response, both contributing to the bandwidth expan-
sion: 1) It presents a zero to the transfer function. The
numerator of the magnitude response thus contains a
term that increases with frequency. 2) In the denomina-
tor, it introduces a frequency-dependent negative term,
—’LpCp, to the second term representing the char-
acteristic polynomial associated with the output node.
With a proper choice of Lp, (1 —®*LpCp) can stay posi-
tive for frequencies up to 1/RpCp. Under this condi-
tion, the characteristic polynomial associated with the
output node contains a term that decreases with fre-
quency, thus further expanding the bandwidth. The
effect of Lp on the amplifier’s frequency response is
evaluated by simulating a common-source amplifier
in a 180-nm CMOS process with a W/L-ratio of 225,
operating at a 2-mA of bias current and a 1.8-V supply
voltage through a 350-Q resistor, driving an 80-fF load
capacitor. The magnitude response of this amplifier
with four inductor values, 0-, 2, 6-, 10-nH are shown in
Figure 3. Larger inductance introduces a larger peak-
ing in the magnitude response.

The time-domain analysis provides a great insight
into the circuit operation, as well. From basic circuit
theory, the step response of an RC circuit shows a tran-
sient behavior that can provide information about its
bandwidth. In fact, the rise time, t,, characterizing this
behavior is t,=2.2/w-3. Suppose that a voltage step
is applied at t =0 to the input of the circuit in Figure 2(a).
According to the equivalent circuit in Figure 2(b), cap-
turing the circuit behavior at ¢+ =0, the inductor can-
not carry a step of current at t=0%, thus acting as an
open circuit and cutting off the R-L branch from the
rest of the circuit. The entire current of the dependent
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Figure 3. The magnitude response of a common-source
amplifier for four inductor values.
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source, gm V1, is then available for the capacitor. Being
inversely proportional to its current, the capacitor’s
(dis)charging time is thus shortened compared to the
case when the inductor was absent.

Load Capacitor and Resistor Isolations

Using Shunt-Series Peaking

How can we further decrease the rise time of the step
response? Recall that Cp includes the load as well as
the parasitic capacitors. If the load capacitor, Ci, is
momentarily detached from the output at t =07, the
signal transition speed is further accelerated. This can
be accomplished by interposing another inductor, Ls,
between the load and the transistor’s drain, as indi-
cated in Figures 4(a) and (b). At t=0", with C. and
R-L branches being open, the entire ¢ V1 current will
charge only the transistor’s own parasitic capacitor, Cp,
thereby reducing the rise time.

To evaluate and compare the impacts of shunt- and
shunt-series peaking techniques on the time-domain
response of a common-source amplifier, we simulated
the same common-source amplifier in 180-nm CMOS
process with the same aspect-ratio, bias current, and
supply voltage as the one in the section “Load Resis-
tor Isolation Using Shunt Peaking.” The inductor, Lp,
in the shunt-peaked amplifier was 6 nH. The inductors,

Gy T

Figure 4. (1) The circuit incorporating shunt-series
peaking inductors. (b) The equivalent circuit for step-
response analysis at time t =0".

September 2023

Lp and Ls, in the shunt-series-peaked amplifier were
3- and 5-nH, respectively. Figure 5(a) shows plots of
step responses of three amplifiers subjected to an input
step voltage. Referring to the simulation plots, the low-
to-high transition time continues to get shortened, as
the resistively loaded common-source circuit employs
shunt and shunt-series peaking techniques. This
shorter transition time trades with another parameter,
i.e, delay Tp in rising transition.

As for the spectral analysis of the circuit in Figure 4,
rather than investigating the magnitude response
of this high-order circuit, a more intuitive approach
based on the analysis of resonance behavior would be
pursued, here. Depicted in Figure 4(b) is the equiva-
lent circuit to study the circuit’s transimpedance,
Z1=Vou/Iin. Starting out as resistive load Rp at low
frequencies, Zr will experience the first bump due to
the series resonance at w,=1/+LsCr. At frequencies
above w,, the circuit then encounters its first parallel
resonance at @y = (Ls 4L ) °®, where the magnitude
rise due to series resonance is partially squared off.
Above w1, the network becomes capacitive, and the
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Figure 5. (a) The step-response of three amplifiers. 1) the
amplifier with load resistance, 2) the amplifier employing
the shunt peaking, and 3) the amplifier incorporating

the shunt-series peaking. (b) Frequency responses of the
conventional amplifier and amplifier incorporating shunt-
and shunt-series peaking network.
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Figure 6. (1) The triple resonance circuit. (b) The circuit around its series resonance. (c) The circuit behavior around its first
parallel resonance. (d) The circuit model at its second parallel resonance.

frequency response starts falling down with frequency.
With further increase in frequency, the second parallel
resonance at w,2 =1/ LpCp starts influencing the fre-
quency response, where the inductive behavior below
this frequency partially compensates for the roll-off due
to the first parallel resonance. At higher frequencies,
Zr will drop because of the capacitive behavior of the
circuit above its second parallel resonance (Figure 6).
To verify this intuitive analysis, a shunt-series-peaked
common source amplifier in 180-nm CMOS with W/L-
ratio of 225 is simulated under four different values of
the drain resistor, Rp, and the following component
values: Lp =200 pH, Ls=2.5nH, C.=380fF. Figure 7
shows the impedance of the shunt-series-peaked
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Figure 7. Driving point impedance of the amplifier
incorporating the shunt-series peaking network under three
distinct values of the load resistance.

IEEE microwave magazine

amplifier seen from the drain terminal for these dis-
tinct Rp values. The impedance plot in Figure 7
clearly shows a dip at the series resonance frequency of
11.2 GHz. A careful inspection also shows the notice-
able impact of the first parallel resonance frequency
of 19.5 GHz for large drain resistors, while peaking at
the second resonance frequency of 56.3 GHz is clearly
identified for the 50-Q load resistor.

Toward a Distributed Topology

How can we further decrease the transition time of the
step response? Referring to the circuit in Figure 2(a),
we learned that inductors Lp and Ls in the series-
shunt-peaked amplifier could be used to isolate the
resistor and load capacitor so as to decrease the rise
time of the step response. Remember that the transi-
tion time in a series-shunt-peaked amplifier at t =07 is
roughly equal to t; = g"é’j . Given a constant dc power
consumption, decreasing the capacitance may provide
an effective way of reducing the transition time. To this
end, imagine decomposing the device with aspect ratio
of W/L into N unit transistors of length L and width
Wi 1<k <N [cf. Figure 8(b)], such that W = i Wy,
and interposing inductors L. in between the unit tran-
sistors [cf. Figure 8(c)]. The current-step arriving at
the drain terminal of M1 starts charging its output
parasitic capacitor Cp/N, while parasitic capacitors
of other unit cells as well as the load capacitor Ci, are
disconnected by the inductor at ¢ = 0*. However, both
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the drain current and input/output parasitic capacitors
of each cell in Figure 8(c) are scaled by 1/ N™ of those
of Mi. Therefore, absence of supplying additional cur-
rent per stage, the circuit rise time will not be reduced.
Nonetheless, this circuit may provide insight into pos-
sible ways of improving the bandwidth.

The use of an inductor in cascade between any two
cells introduces “temporal precedence,” thus bringing
in the notion of “signal propagation.” It is inferred that
it takes a nonzero time delay, .=y L.Cpr/N, for the
signal to travel from the drain of the first unit cell to
that of the second. Let’s take a closer look at the signal
traveling through the first two stages of the circuit in
Figure 8(c). The voltage is applied to the gates of M
and Mz, concurrently. The corresponding voltage
change at the drain of M, in response to this gate
voltage should cross past an LC network to arrive at the
drain of the second cell, thereby arriving later than the
voltage that passes through the second stage to appear
at this node. This mismatch in arrival times leads to the
destructive addition of two copies of the input signal
traversing two separate paths.

To equalize this mismatch, we add interstage induc-
tors in between any two adjacent gate terminals in a
way that the signals traveling through different paths
arrive all at the same time to a specific output node,
resulting in the constructive additions of all these sig-
nals. In addition, we can move the dc signal feed from
the supply to the near-end side of the cascaded LC
line loading the drain terminals of the transistors to
prevent the critical output terminal from loading too
many components and their parasitics. This will lead
to what is commonly known as a distributed amplifier
in Figure 9.

Looking at the circuit in Figure 9, two networks of
cascaded LC sections are identified, one at the input
and the other at the output, where the input and output
parasitic capacitors of each MOS device are absorbed
into these two LC networks. This structure constitutes
a cascade of subsections comprising two constant-k
filters [20], one connecting the gates, and the other,
the drains of MOS common-source devices. As was
stated in [20], [21], the image impedance method efficiently
captures the loading effect of subsequent sections on
each section and can thus be utilized to analyze the
frequency domain behavior of this DA. Referring to
the high-frequency model of the DA in Figure 10, both
the so-called gate and drain networks are composed
of an L-section (in yellow) at the near-end followed by
a cascade of N —1 z-sections (in peach). The analysis
is based on finding the voltage across each Cgs, then,
calculating the voltage at the drain node of each MOS
device in response to this gate voltage, and adding all
these voltages (while accounting for the loading effect
of subsequent stages) to obtain the overall voltage at
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Vout

(a)

Figure 8. (a) The triple resonance circuit. (b) Decomposing the transistor into N unit cells.
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the far-end side of the drain node. The voltages Vs
and Vs across the capacitors of the L-section and the
kth z-section in Figure 10 are:

VGS] Vlru/ ZT eieG/z VGSk = Vmu %; e ( 7)96 (4)

where 6¢ in (4), obtained from the image parameter
method, defines the propagation factor of the z-section,
which is twice that of the L-section. Zr and Z, repre-
sent the image impedances seen at the input and out-
put ports of the L-section, respectively, which can be
found as [21]

Lo 2 [Lie)t
C w? i Cq w?

Zr=

where w.=2/yLcCc is the gate-line’s cutoff fre-
quency. It is noteworthy that Z, also represents the
image impedance of the z-section in Figure 10. The
dependent current sources are applied to all tap
nodes of the drain line. The voltage at the far-end ter-
mination is thus calculated using the superposition
principle, i.e.,

V= 1 /Lp o072 Z g Vaske (N=ko_ ©)
T2V Cp
Assuming 6p = 6¢ = 6, the voltage and power gains

thus become:
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Figure 10. High-frequency equivalent models of the gate and drain lines.
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Figure 11(a) shows the input gate voltages and step
responses of a 10-stage DA at four distinct tap nodes,
where each stage employs a common-source cell with a
gm =5mA/V distributed along the gate and drain arti-
ficial LC networks terminated at 50- and 100-Q. The
gate and drain inductors are 200- and 400-pH, respec-
tively. As expected, the gate voltage of each g, stage is
delayed by T =+LsCqc relative to that of the preced-
ing stage. Referring to Figure 11(b), traveling from the
near- to far-end side of the artificial LC line connecting
the drain terminals, the rise times of the step responses
are progressively shortened. This notion implies that
the spectral bandwidth gets progressively bigger as
the signal travels from near- to the far-end termina-
tion. This observation is, in fact, validated in Figure 12,
which demonstrates the frequency responses of the
signals appearing at four distinct tap nodes along
the drain line. More importantly, one can infer from
the behavior of these frequency responses that distrib-
uted LC structure of the input/output passive cascaded
networks contributes N series-resonance frequencies,
which help extend the bandwidth (Figure 12). While
the associated dips are distinctly noticeable at the near
end, they seem to be flattened due to larger gains at
the far-end tap nodes. Finally, the time- and frequency-
domain plots in Figures 11(a) and (b) and 12 reveal two
attributes of a DA: 1) it trades delay for bandwidth and
2) the transistor’s parasitic capacitors are absorbed into
the constants of the input/output t-lines. Hence, the cir-
cuit bandwidth is expanded and is upper limited by
the cutoff frequency of the distributed LC network.

It is noteworthy that the ladder LC networks con-
necting the gates and drains of the g, cells would actu-
ally model transmission lines (t-lines). The DA can thus
be realized using a pair of the gate and drain t-lines in
Figure 13, whose voltage gain is expressed by [20]:

__Ngm /Lo g
Av=——% Vo )

where pB denotes the propagation constant and
Ip =1c =1 is the segment’s length. (9) is the same as (7)
assuming extremely large w..

The previous analysis was conducted based on the
assumption that inductors and t-lines within the DA
are lossless and the transistors” output resistances are
infinitely large. Accounting for these impairments will
lead to degradation of gain and bandwidth.

Improvement of DA’s Gain and Linearity

The DA gain is unsatisfactorily small in the presence
of passive losses and limited output resistances of
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common-source transistors, calling for topologies to
improve the gain and linearity. The gain improvement
in a DA is mainly centered around advancing topolo-
gies for the gain stages.

Cascode DA

Multistage gw stages are used to improve gain, while
interstage inductive peaking is employed to compen-
sate for the BW degradation due to interstage poles of
these types of stages. Perhaps, the most straightfor-
ward improvement is for each stage to employ a cas-
code topology, indicated in Figure 14, to substantially
increase its output resistance [7].
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Figure 11. (a) Gate voltages of gu cells along the 10-stage
DA. (b) Step response of gw cells along the 10-stage DA.
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Figure 12. Frequency response of the 10-stage DA.
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Figure 14. The Cascode DA.

In a cascode DA, the input and output capacitors,
Cc and Cp, are absorbed into the structures of input
and output t-lines, respectively, and therefore, do not
introduce dominant poles. The bottleneck to achiev-
ing wide bandwidth is, in this case, the capacitors
sitting at the “cascode node,” as shown in Figure 15.
Intuitively, an interstage series inductor can separate
capacitors Coa and Ciz of the common-source and
common-gate transistors, thus increasing the band-
width. To prove this observation quantitatively, the
voltage gain seen from the output of the common
source to the input of the common-gate stage within
a conventional cascode topology is first derived
as follows:

Vicc _ _ gm1 X 1ol | Rin
Vics 1+jw(ra | Rin2) (C12+ Coy,1)

(10)

where Rinz =(ro2+(Zp/2))/ (1 + gm2ra2) denotes the in-
put resistance of the common-gate stage. The effect
of Lu on the transimpedance Zr=Vicc/(gnVics) is
studied in a similar way as the impact of the series-
peaking inductor on a lumped amplifier, illustrated

IEEE microwave magazine

Zp/2

8,

Figure 15. (a) Evolving from a cascode cell to the one
with an interstage inductor between common-source and
common-gate devices. (b) The high-frequency model.

in the section “Load Capacitor and Resistor Isolations
Using Shunt-Series Peaking.” Specifically, Lm reshapes
the frequency response by introducing a series re-
sonance frequency, o, =(LuCi2)"* and a parallel re-
sonance frequency, w,=(Lu(C12Co,1/Ci2+Con)) .
Determined by the parallel resonance frequency where
the transimpedance experiences a peaking, the band-
width of the single-stage cascode circuit is expanded to
a value approximately equal to the following;:

szwp(1+ (1D

1\ 1
2QRC> @p+ 2Rin2Cip”

From another perspective, the common-source
devices first start charging their output parasitic and
the parasitic capacitors of L. Similar to series-peaking
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technique, this essentially leads to shorter large-signal
transition time and larger bandwidth compared to the
case where the inductor is absent.

To verify the aforementioned analytical study, a
cascode stage with an identical common-source and
common-gate device sizes of 64 £m/0.18 um and a bias
current of 1.1 mA was designed in a 180-nm CMOS.
The simulated frequency response of the cascode
stage from its input to the common-gate input with
and without Ly =300 pH is shown in Figure 16. Cj2
and Co,1, obtained from the circuit-level simulation,
are 114- and 78-fF, respectively. The parallel resonance
frequency and the bandwidth obtained from (11) are
427 GHz and 51.6 GHz, closely following the correspond-
ing simulated values, 42.7 and 49 GHz, in Figure 16.
Based on this finding, a DA comprising N bandwidth-
enhanced cascode cells should achieve larger band-
width than the DA in Figure 14. Three five-stage DAs
incorporating gate and drain artificial t-lines with
inductors Lc =250 pH and Lp=400pH were simu-
lated to verify this statement: 1) a DA incorporating
common-source cells each with an aspect ratio of
48 um/0.18 um, 2) a DA employing cascode cells with
common-source and common-gate aspect ratios of
48 um/0.18 um and 36 #m/0.18 um, respectively, and
3) a DA employing the same cascode cells but with
series inductor Ly =210 pH. Simulation plots in Fig-
ure 17 compare the frequency responses of these three
DAs, clearly showing enhancement in both gain and
bandwidth when a cascode cell with an interstage BW-
enhancing inductor is used.

DAs with Multistage Cells

Figures 18 (a)-(c) demonstrate several multistage
gm cell candidates employed in a DA. Chien and Lu [6]
present a two-stage g cell in Figure 18(a), which
boosts the transconductance from g (for a single-
stage cell) to gmgmR. With gm2R>1, gain improve-
ment is guaranteed compared to a DA with single-stage
gm cell used in Figures 9 and 13. In this structure, the
BW-enhancement network, Li-Ls, effectively compen-
sates for the interstage pole associated with the drain
of Mi. Nevertheless, the signal power across R is
totally wasted, and thus does not participate in signal
construction through the output t-line. To circumvent
this problem, R is replaced by transistor Ms, as in
Figure 18(b). M5 acts as a common-gate (CG) stage for
the new signal path IN - OUT+ while introducing 1/gu
resistive load to the first stage of the two-stage path, IN -
OUT,-. Assuming that the output signals OUT+ and
OUT,- are added constructively, the overall G, of the
two-stage cell thus becomes:

o 872
Gm - gml ng +gml- (12)
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M3’s parasitic source capacitance degrades BW
compared to Figure 18(a), by lowering the interstage
pole of the gu cell. To mitigate this problem, a net-
work is to be added such that together with the input
impedance of the CG transistor constitutes an all-pass
filter [9]. This network is synthesized to be a parallel
RL network with Rp=1/guws and Lp = R3Cj3, as shown
in Figure 18(c), where C; is the input capacitor of Ms.
The equivalent circuit model including the RL network
and the impedance seen into the source of M3 exhibit
an all-pass input impedance of Zin = Rp [9].

If two identical g cells are connected to differential
input lines and their output nodes are cross-coupled as
in Figure 18(c), each output of the resulting fully dif-
ferential g cell exhibits the same G,. The resulting
fully differential cell of Figure 18(c) enjoys symmet-
ric design and implementation, and minimal phase
and amplitude distortion at its two output terminals.
Three five-stage DAs based on the fully differential
cell of Figure 18(c) driven by the same 1.8-V supply and
a constant gu2/gm =1 were designed and simulated
in 180-nm CMOS process. Figure 19 compares the

o
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& 11 GHz
=_20¢t 5'/42.7 GHz ‘j Gt
-25 .
0.1 1 10 100
Frequency (GHz)

< Cascode With Interstage Inductor
» Cascode

Figure 16. Frequency response of a single-stage cascode
with and without interstage inductor Lu.
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Figure 17. The DA frequency response.
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frequency responses of these three DAs, and the table
in this figure summarizes the device and component
values. All these three DAs are terminated with the
same 50- and 110-Q gate and drain resistors, respec-
tively. Moreover, the transistor M1 employs the same
aspect ratio of 48 4m/0.18 um and the bias voltage of
the common-gate transistors, Vpas, stays the same at
1.6 V. For approximately the same in-band gain, higher
power consumption results in wider bandwidth. All
these three DAs exhibit substantially higher GBW com-
pared to a BW-enhanced cascode DA in Figure 17.
Jahanian and Heydari [9] extensively studied issues
including stability, power dissipation, noise, and lin-
earity of the DA incorporating the multistage cell
in Figure 18(c). Perhaps, the most important issue is
the stability concern. Evidently, in the fully differ-
ential g cell of Figure 18(c), a signal loop is formed
due to the cross-coupled connection of the two cells
of Figure 18(c). As was proved in [9], this loop entails

Q [

BW-Enhancing
Inductors

In g% )

= Replacing R With a CG
Device, Turning to Single-
Ended to Differential CKT

significant signal attenuation, and therefore, results in
an unconditionally stable condition. The existence of
this attenuation is evident by a visual inspection of the
circuit; going around the loop, the signals arriving at
the drain terminals of M> and Ms experience a drop
in magnitude by as much as voltage gain to appear at
the gates. The DA in Figure 18(c) especially stands out
in terms of two important performance parameters,
namely, noise and linearity. The gain improvement in
the DA of Figure 18(c) results in noise improvement, as
well. Second, from the governing dc bias relationship
Viias = Vs + Vss and assuming channel widths of M
and M3 to be identical, one can readily prove that G, is

G =t Cox N (Vi = 2Vm) (13)

where 4, is the carrier mobility, Cox denotes the oxide
capacitance per unit area, and Vm is the threshold

Out, +
Out, —

In (o) )
(b)

Loss Compensation and
BW-Enhancing Rp-Lp Network
and Fully Differential Circuit

Figure 18. Multistage DA cell. Evolution from (a) a two-stage CS-CG, to (b) a single-ended to the differential stage, to

(¢) a fully differential two-stage cell with high gain and high linearity.
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Frequency (GHz)
Diff DA 1 Diff DA 2 | Diff DA 3
Number of Stages 5 5 5
Imp,3 (MAV) 5 75 10
Im1 (MAV) 16.5 17.19 17.54
Wil Wol Wy (um) 48/32/10 | 48/21/16 | 48/24/24
Rp/Rg () 110/50 110/50 110/50
Rp (Q)/Lp (pH) 180/50 120/50 87/50
Lp/Lg (pH) 700/320 | 820/320 | 600/320
L4/Ly (pH) 800/100 400/100 280/50
dc Gain (dB) 17.5 18.6 18
BW (GHz) 20.5 39 46

Figure 19. The frequency response of three versions of
differential DA, and the table summarizing the component
values.

voltage. From (13), it is clear that overall transconduc-
tance is constant, and large-signal voltage variation
does not affect small signal gain, thereby leading to
considerable improvement in linearity.

Conclusion

This article presented a ground-up approach starting
from a lumped amplifier and proceeding all the way
to a distributed amplifier. The article started with a
conventional common-source amplifier and disclosed
the limitations and tight tradeoffs. Two widely used
bandwidth enhancement techniques, shunt and shunt-
series peaking, were reviewed, and implications from
both time- and frequency-domain analyses of the
amplifier were laid out. Based on this insight, the arti-
cle took a step-by-step approach to construct the dis-
tributed amplifier. Furthermore, this work identified
some of the inherent drawbacks and reviewed some
techniques that helped improve the gain and linearity
of the DA.
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